DNA damage response (DDR) pathways play crucial roles in the maintenance of genome integrity, and defects in DDR proteins lead to genome instability and eventually cancer. Rad9-Hus1-Rad1 (9-1-1) is a ring-shaped heterotrimeric complex involved in multiple DDR pathways, especially the DNA damage checkpoint. Rad9 has an intrinsically disordered C-terminal region, called C-tail. The C-tail projects from the ring and has multiple phosphorylation sites and several protein-protein interaction sites, some of which are crucial for checkpoint activation. In addition, it was recently shown that C-tail binds to the 9-1-1 ring structure and is released from it upon binding to TopBP1, an activator of the DNA damage checkpoint. This review focuses on the regulatory roles of the Rad9 C-tail and discusses DNA damage checkpoint activation and the regulation of several DNA repair pathways via this region.
Text
The 9-1-1 clamp is a heterotrimeric complex loaded onto DNA by the Rad17-RFC clamp loader upon DNA damage Multiple DNA damage response (DDR) pathways respond to DNA damage. One important mechanism involved in these pathways is the DNA damage checkpoint, which coordinates cell cycle arrest, DNA repair, and even apoptosis by phosphorylating proteins involved in these processes. The ATM (ataxia telangiectasia-mutated) and ATR (ATM-and Rad3-related) pathways are two major DNA damage checkpoint pathways in eukaryotes 1 . Mutations of the ATM and ATR genes are associated with the rare autosomal recessive disorder Ataxia telangiectasia and a form of Seckel syndrome, respectively. In addition, it was recently reported that a germline mutation of ATR is linked to a hereditary oropharyngeal cancer syndrome 2 . ATM and ATR are serine/threonine (S/T) kinases that phosphorylate a wide variety of substrates and control their functions in response to DNA damage. While ATM predominantly responds to DNA double-strand breaks (DSBs) caused by ionizing radiation (IR), for example, ATR responds to single-stranded DNA (ssDNA) generated after ultraviolet (UV) light irradiation, for example. When DNA polymerases stall at such damaged sites, and DNA helicase passes through the lesion, uncoupling of the DNA polymerase from the helicase occurs, resulting in the exposure of ssDNA 3 . ssDNA is also generated via several DNA repair pathways. Thus, the ATR pathway has the potential to respond to a wide variety of DNA damage. One of the key factors in the ATR pathway is the 9-1-1 checkpoint clamp.
The 9-1-1 checkpoint clamp is a heterotrimeric complex composed of Rad9, Hus1, and Rad1 [4] [5] [6] . It has a ring structure similar to PCNA (proliferating cell nuclear antigen). PCNA is a homotrimer that is loaded onto DNA by its clamp loader, RFC (replication factor C) 7, 8 . PCNA acts as a processivity factor of DNA polymerases during DNA synthesis, encircling DNA and tethering the DNA polymerase to DNA. It also acts as a scaffold to recruit other proteins such as DNA repair proteins and chromatin-remodeling factors, depending on the context. In response to DNA damage, 9-1-1 is loaded onto DNA by another specific clamp loader, Rad17-RFC. In the Rad17-RFC complex, the largest subunit of RFC1 in the authentic RFC complex (RFC1-5) is substituted by Rad17. The loaded 9-1-1 is also thought to function as a scaffold similar to PCNA to recruit the many proteins involved in several DNA repair pathways, apoptosis, and the DNA damage checkpoint. Because genetic studies have shown that Rad9, Hus1, Rad1, and Rad17 are in the same epistasis group, 9-1-1 complex formation and its loading by Rad17-RFC are considered important for the functions of these factors [4] [5] [6] . The 9-1-1 complex is thought to mainly function as a sensor of the ATR-dependent checkpoint pathway 9, 10 . The initial step of ATR activation is the binding of RPA (replication protein A) to extended ssDNA regions after DNA damage. ATR and its binding partner, ATRIP (ATRinteracting protein), are recruited to RPA-bound ssDNA via an interaction between ATRIP and RPA. Independently, 9-1-1 is loaded by Rad17-RFC in an RPA-dependent manner. An ATR activator, TopBP1 (DNA topoisomerase II β-binding protein 1), binds to both ATR-ATRIP and 9-1-1 complexes, and both interactions are required for the full activation of ATR. Thus, 9-1-1, together with TopBP1, plays a role in the early step of DDR 9, 10 .
Phosphorylation of S/T near the end of Rad9 C-tail facilitates ATR activation
A component of 9-1-1, Rad9, has a PCNA-like domain [~270 amino acids (aa) in human], as do Hus1 and Rad1, and an intrinsically disordered C-terminal extension (~120 aa in human), called C-tail. The C-tail is not involved in formation of the ring structure and interacts with its several binding partners including RPA and TopBP1 ( Figure 1 ). In mammals, Rad9 C-tail has at least 10 phosphorylation sites ( Table 1) . Some of these sites are phosphorylated in a cell cycle-or DNA damage-dependent manner, while others are constitutively phosphorylated 11, 12 . Phosphorylation of the DNA damage-inducible site (S272) is not important for cell survival or G2/M arrest after DNA-damaging treatments 11, 12 .
On the other hand, a constitutive phosphorylation site, S387, is important for Rad9 C-tail interaction with TopBP1 and the checkpoint activation after IR, UV exposure, or hydroxyurea (HU) treatment, a ribonucleotide reductase inhibitor 11, 13, 14 . It was also reported that the N-terminal tandem BRCT (BRCA1 C-terminal) domains of TopBP1 bind to Rad9 in a manner dependent on phosphorylation of S387 (S373 in Xenopus) 13, 14 . Rad9 was proposed to play a role in recruitment of TopBP1 to the stalled replication fork for the activation of ATR [13] [14] [15] . On the other hand, several reports showed that depletion of TopBP1 reduces recruitment of 9-1-1 (or Rad9) to sites of replication stress or damage and that the interaction is dispensable for TopBP1 localization [16] [17] [18] [19] [20] [21] . More recently, it was reported that TopBP1 binds to RPA-bound ssDNA via its BRCT2 domain 22 . Thus, the simple model that 9-1-1 recruits TopBP1 to stressed sites needs to be modified. 9-1-1, TopBP1, and ATR-ATRIP can be recruited to the same target, RPA-ssDNA complexes, independently of each other; however, subtle differences in conditions (e.g., cell cycle status, the amount and type of DNA damage, or the level of checkpoint activation) may influence their recruitment.
The phosphorylation of S387 is catalyzed by casein kinase 2 (CK2) 23, 24 . CK2 also phosphorylates S341 of Rad9, and phosphorylation of both S387 and S341 is required for efficient binding to TopBP1 and subsequent activation of ATR 23, 25 . Consistent with the constitutive phosphorylation of S341 and S387, the interaction between 9-1-1 and TopBP1 is also constitutive 23 . Thus, this interaction may be a prerequisite for ATR activation to ensure immediate Only the phosphorylation (single-headed arrows) and interaction (double-headed arrows) sites in human Rad9 C-tail described in this review are shown. Phosphorylation by CK2 is required for interaction with TopBP1 and for subsequent activation of DDR (red arrows), while that by TLK1 contributes to termination of DDR (blue arrows). Interaction between RPA and Rad9 is important for 9-1-1 recruitment to the site of DNA damage (an orange arrow). The function of phosphorylation by ATM and the interaction between C-tail and 9-1-1 core ring structure (CRS) are not well understood (grey arrows). Note that there are other sites that are not shown here (see also [26] [27] [28] . In S. pombe, the interaction is also DNA damage-inducible 26 . During evolution, higher eukaryotes may have acquired more complex mechanisms for ATR activation. Recently, RHINO (Rad9-, Hus1-, Rad1-interacting nuclear orphan) was identified as a co-binding factor of TopBP1 and 9-1-1 29 . RHINO is recruited to sites of DNA damage in a manner dependent on the 9-1-1 complex and is involved in Chk1 phosphorylation upon DNA damage 29 . RHINO is conserved among vertebrates and forms a stoichiometric complex with 9-1-1 30 . Interestingly, loss of RHINO reduces the ATR signal upon UV irradiation without affecting the interaction between 9-1-1 and TopBP1
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. While 9-1-1 is well known to be involved in ATR activation, the clear evidence that 9-1-1 contributes to ATM activation has not been provided. However, 9-1-1 was shown to participate in DSB repair mediated by homologous recombination (HR) by interacting with Rad51 recombinase 31 . Interestingly, tailless Rad9, which lacks C-tail, partially rescues HR defects, suggesting that the roles of 9-1-1 in the ATR checkpoint activation and HR are distinct 32 . Recently, Rad17 was shown to recruit the MRN (MRE11, Rad50, and Nbs1) complex to DSB sites and to participate in ATM checkpoint signal amplification 33 . Because the MRN complex is also involved in ATR activation 18, 19, 34, 35 , crosstalk may occur between DSB repair and ATR activation.
Rad9 C-tail plays multiple roles in the DDR
The functions of 9-1-1 are regulated diversely by Rad9 C-tail ( Figure 1 ). As described above, phosphorylation of Rad9 by CK2 is required for binding to TopBP1 and activation of ATR. In addition, Tousled-like kinase 1 (TLK1) and a splice variant of TLK1, TLK1B, phosphorylate Rad9 at S328 and T355, both of which are also target sites for CDK1 kinase, and control the recruitment and dissociation of 9-1-1 at DSB sites, thereby regulating the cell cycle checkpoint and DNA repair 11, [36] [37] [38] . In S. pombe, Dbf4-dependent kinase phosphorylates Rad9 at S319, S320, and T321 following phosphorylation of T225 by ATR (spRad3) 39 . These phosphorylation events are required to release Rad9 from chromatin by decreasing its affinity for RPA and may facilitate the transition from DNA damage signaling to DNA repair.
In addition to its phosphorylation sites, C-tail has multiple protein-protein interaction sites, including those that mediate interactions with TopBP1 and RPA. C-tail also has a nuclear localization signal, which is important for nuclear targeting of Hus1 and Rad1 40 . Interestingly, Caspase-3, a frequently activated death protease, cleaves Rad9 at multiple sites, and the cleaved N-terminal portion of Rad9 localizes to the cytosol and induces apoptosis 41 .
Finally, the interaction between the intrinsically disordered Rad9 C-tail and the 9-1-1 core ring structure (CRS) may also play a regulatory role in the DDR ( Figure. 2). 9-1-1 binds to DNA in the absence of Rad17-RFC, and this binding is enhanced by the deletion of Rad9 C-tail 42, 43 . Interestingly, Rad9 C-tail binds to 9-1-1 CRS, and this intramolecular interaction interferes with the binding of 9-1-1 to DNA 43 . The region of the C-tail necessary for binding to 9-1-1 CRS partially overlaps with that necessary for binding to TopBP1. Indeed, 9-1-1 CRS and TopBP1 bind to C-tail in a competitive manner. Interestingly, two tandem phenylalanine residues (F365 and F366) in C-tail are important for binding to both CRS and TopBP1 43 . Two adjacent aromatic residues are found in many proteinprotein interaction motifs such as the PCNA-interacting protein (PIP) motif (often called PIP-box) 44 , the REV1-interacting region motif 45 , and the Mlh1-interacting protein motif 46 . Aromatic residues in PIP-box fit into a large hydrophobic pocket on the front face of PCNA that is formed by residues from the interdomain connecting loop and nearby β-strands. Rad9 and Hus1 have similar structures to the hydrophobic pocket of PCNA 47 . Therefore, the FF sequence of Rad9 C-tail may interact with either one or more hydrophobic pockets in 9-1-1 subunits. Furthermore, when TopBP1 binds to C-tail, the C-tail will be released from the CRS (Unfolded, see Figure. 2) and the hydrophobic pocket(s) of 9-1-1 CRS will be exposed 43 . Many DDR proteins are reported to interact with 9-1-1; therefore, some of them harboring tandem aromatic residues may bind to the hydrophobic pocket(s) of 9-1-1 CRS in a manner similar to the binding of a PIP-box protein to PCNA. While tandem aromatic residues are part of one of the 9-1-1 CRSbinding motifs, another 9-1-1-binding motif of budding yeast Red1, a component of the synaptonemal complex, is also interesting. Eichinger and Jentsch reported that yeast Red1 has two Qxx(L/I/V/M) motifs, both of which are involved in two 9-1-1 subunit-specific interactions 48 . One is for binding to Hus1 (scMec3) and the other is for binding to Rad9 (scDdc1). These motifs are similar to part of the typical PIP-box [Qxx(L/I/M/V)xx(F/Y)(F/Y)]; therefore, they speculated that the hydrophobic pockets of 9-1-1 CRS and hydrophobic residues in the 9-1-1-bindingmotifs of Red1 are important for their binding 5, 48 . Thus, 9-1-1-binding proteins may have several types of motifs that are similar but not identical to the PIP-box.
Future directions
9-1-1 is a PCNA-like heterotrimeric complex. Some PCNA-interacting proteins involved in DDR, including base excision repair, mismatch repair and cell cycle regulation, also interact with 9-1-1 5, 6 . Depending on the cellular context, these proteins may bind to PCNA or 9-1-1 clamps, resulting in the expression of distinct functions and different outcomes. Although the mechanism is not clear, modification(s) of Rad9 C-tail and/or intramolecular interaction between Rad9 C-tail and 9-1-1 CRS may contribute to this type of clamp switching mechanism. Rad9 C-tail may also contribute to checkpoint activation and termination via known and unknown mechanisms. While co-crystal structures of PCNA and its binding peptides have been well studied, those of 9-1-1 have not yet been reported. Thus, the binding mechanism of 9-1-1 to its partners at the atomic/molecular level is poorly understood. One of the most critical issues to be addressed is the biological significance of the binding of these DDR proteins to 9-1-1; however, this will only be forthcoming when specific mutant(s) defective only in binding to 9-1-1 are subjected to intensive study. It will also be important to define better the binding sites in 9-1-1 that mediates its binding to multiple partners as well as the binding mechanism to understand how 9-1-1 plays such a wide variety of roles in genome maintenance. In response to DNA damage, 9-1-1 is loaded onto DNA and activates DDR, interacting with several DDR proteins such as RPA and TopBP1 through Rad9 C-tail. When C-tail is unfolded upon loading, 9-1-1 can bind to DNA through its central hole, and hydrophobic pockets of 9-1-1 may be exposed and targeted by other DDR factors. The intramolecular interaction between Rad9 C-tail and 9-1-1 CRS may inhibit promiscuous protein-protein interactions after DDR termination. See the text for more details.
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